INTRODUCTION
The non-reducing glucose disaccharide, trehalose (α-D-glucopyranosyl-(1→1)-α-Dglucopyranoside) is widespread in nature. In resurrection plants, fungi, bacteria and non vertebrate animals it performs a role as a carbon source and stress protection compound (Elbein et al., 2003; Paul et al., 2008) . In the majority of plants, however, amounts of trehalose are too low to perform this function. Instead the pathway has developed into a specialised system that regulates and integrates metabolism with growth and development (Schluepmann et al., 2003; Lunn et al., 2006; Ramon and Rolland, 2007; Gomez et al., 2010 ).
This system is indispensible throughout seed and vegetative development (Eastmond et al., 2002; van Dijken et al., 2004; Gomez et al., 2010) and evidence suggests that the critical function is performed by the precursor of trehalose, trehalose 6-phosphate (T6P). There is one known trehalose biosynthesis pathway in plants from the intermediates glucose 6-phosphate and UDP-glucose catalysed by trehalose phosphate synthase (TPS) which synthesises T6P. T6P is then converted to trehalose by trehalose phosphate phosphatase (TPP). The regulation of T6P content in plants by TPSs and TPPs is not well understood.
TPS1 is thought to account for most TPS catalytic activity in plants (Vandesteene et al., 2010) . All 10 TPPs are now known to be catalytically active (Vandesteene et al., 2012) ; however their specific contribution to T6P homeostasis is not known. Evidence suggests that T6P is a sugar signal in plants. T6P responds strongly to sucrose supply when sucrose is fed to seedlings grown in culture and in response to an increase in sucrose in illuminated leaves (Lunn et al., 2006) . Biosynthetic pathways for cell wall (Gomez et al., 2006) and starch synthesis (Kolbe et al., 2005) are regulated by T6P supporting the observation that T6P promotes carbon utilisation and growth of seedlings at high sugar levels when its content is increased through expression of otsA, a TPS-encoding gene from E. coli (Schluepmann et al., 2003; Paul et al., 2010) . In contrast, expression of otsB, a corresponding TPP-encoding gene from E. coli decreases T6P content and inhibits growth in the presence of high sugar (Schluepmann et al., 2003; Paul et al., 2010) . Given the importance of T6P in the regulation of growth and end-product synthesis, targets for its interaction have been eagerly sought.
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biosynthetic, growth and stress responses. It was observed that, in addition to cell wall and starch synthesis, T6P could regulate amino acid metabolism, protein and nucleotide synthesis (Zhang et al., 2009) and is most likely connected to hormone signalling (Zhang et al., 2009; Paul et al., 2010) . A model is proposed where SnRK1 inhibits growth processes when sugar and energy supplies are scarce, thus enabling survival under starvation stress conditions. When sugar supply is plentiful T6P accumulates and inhibits SnRK1 blocking expression of genes involved in the stress survival response and inducing genes involved in the feast response including growth processes. Interestingly, plants with altered SnRK1 activity display similar phenotypes to plants with altered T6P in both growth and developmental processes such that plants with genetically decreased T6P content resemble those with overexpressed SnRK1 and vice versa (Baena-Gonzalez et al., 2007; Schluepmann et al., 2003; Wingler et al., 2012) .
Sugars fluctuate widely in plants in response to changes in photosynthesis and in response to environmental variables. Sugar starvation conditions such as induced by deep shade limit growth through lack of sugar availability; SnRK1 would be active under such conditions. High sugar availability, however, does not necessarily indicate good conditions for growth and high growth rates. For example, under low temperature and limiting nutrient supply growth is limited in spite of abundant sugar availability (Usadel et al., 2008; Paul and Stitt, 1993) . This is termed sink-limited growth; when growth is limited by capacity of sinks i.e. growing regions to use assimilate. It departs from the famine model of growth regulation by SnRK1. The interrelationship between T6P, SnRK1 and growth is not known under such conditions. Here we vary growth conditions by temperature and nutrient supply to induce sink-limited growth and feed sucrose and glucose at physiological levels (15 mM). We show a strong specific interrelationship between T6P and sucrose and SnRK1-regulated gene expression under all conditions irrespective of growth rate. This implies that T6P is not a growth signal per se, but through SnRK1, T6P primes gene expression for growth. By priming, we mean being in a prepared state with an advanced capacity to activate growth following relief of a growth limitation such as low temperature. To test that T6P/ SnRK1 enable growth recovery following relief from sink limitation, plants with genetically decreased T6P content and SnRK1 overexpression were transferred from cold to warm.
Compared to wild type these plants were impaired in immediate growth recovery. It is concluded that T6P responds to sucrose induced by growth restriction. This enables growth recovery following relief of limitations downstream of T6P/ SnRK1 such as low temperature.
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Our findings are included in a model for the regulation of growth by the T6P/ SnRK1 signalling pathway.
RESULTS
Effect of transfer to low temperature, low N and sugar feeding on growth, carbohydrate
and T6P content
To test the physiological importance of the regulation of growth by the T6P/ SnRK1 signalling pathway, T6P, SnRK1 activities, sugar contents, gene expression and growth rate were measured in Arabidopsis seedlings after transfer to low temperature or zero nitrogen compared to sugar feeding under optimal conditions. These conditions were used to uncouple sugars from growth i.e. to test physiological importance of the T6P/ SnRK1 pathway under sink-limited conditions.
The different treatments gave a wide range of rates of fresh weight accumulation over 72 h (Fig. 1a) calculated here as structural weight after subtraction of the large starch accumulation at low nitrogen (Fig. 1b) . Biomass after 72 h was highest in seedlings grown on full medium with 0.5% sucrose and lowest on full medium with no supplementary sugar.
Low temperature strongly inhibited growth, whereas feeding 0.5% glucose gave an intermediate growth phenotype. Withdrawal of N did not reduce total growth over the course of the experiment, but there was a large change in shoot to root partitioning and accumulation of starch in these plants. Protein content was stable in all treatments except for nitrogendeficient seedlings and seedlings without supplementary sugar where protein content decreased during the experiment, showing the importance of both carbon and nitrogen supply for protein synthesis (Fig. 1c) . Sucrose contents displayed a range of responses (Fig. 1d ) from 1.49 µmol g -1 FW at the start of the experiment rising to a maximum 9.9-fold higher to 14.8 µmol g -1 FW in the low nitrogen treatment, with a similar pattern at low temperature. Sucrose feeding on its own resulted in a large initial increase in sucrose up to 6 h from feeding, but which then decreased during the rest of the experiment. Glucose feeding produced a small increase in sucrose content from 1.49 to 2.82 µmol g -1 FW which remained stable during the rest of the experiment. Amounts of glucose and fructose followed a similar pattern to sucrose with the exception that glucose levels were higher in glucose-fed seedlings than sucrose-fed seedlings (Fig. 1e, f ). Large differences in T6P were found between the treatments (Fig. 1g) .
In seedlings grown with no sugar source and with 0.5% glucose amounts of T6P were stable 
T6P levels correlate with sucrose content under sink-limited conditions
Out of all sugars analysed T6P levels correlated most closely with sucrose content (Fig. 2a) . The correlations of T6P with glucose ( Fig. 2b ) and fructose ( Fig. 2c) were weaker than between sucrose and T6P particularly at low temperature and low nitrogen. In support of a specific relationship between sucrose and T6P, glucose feeding produced no increase in T6P levels (Fig. 1g ).
SnRK1 activities and expression
SnRK1 activities measured in vitro were relatively stable during the course of the experiment in the different treatments (Fig. 3a) were decreased in all treatments compared to seedlings without exogenous sugar (Fig. 3c, d ). To examine how the trehalose pathway responded to the treatments, in comparison, transcript abundances of TPS1, TPPA and TPPB as representative genes of the pathway were determined. TPS1 and TPPB were consistently upregulated by the treatments compared to growth without carbon source (Supplemental Fig. S3a , c). TPPA followed the same trend, but less strongly than for TPS1 and TPPB and with a decrease in transcript abundance as time progressed over 72 h (Supplemental Fig. S3b ).
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Relationship between T6P, SnRK1 marker gene expression and growth
There was no relationship between relative growth rate and T6P content (Fig. 6a ) or between growth rate and SnRK1 marker gene expression (Fig. 6b, c) . However, the relationship between T6P and relative growth rate would confirm that a certain level of T6P is required before growth can proceed (Fig. 6a ). The close relationship between T6P and sucrose and SnRK1 marker gene expression (Figs. 2 and 5) in contrast, shows that T6P is primarily related to sucrose and SnRK1 marker gene expression and not to growth rate.
However, we hypothesised that large changes in gene expression induced by T6P, would prime growth to proceed once sink limitations to growth are removed.
Growth recovery after 24 h cold
The hypothesis that T6P and SnRK1 are important in the growth recovery from low temperature was tested by transferring seedlings grown in the cold for 24 h and containing high T6P levels ( Fig. 1f) to the warm. The experiment was also performed with plants expressing otsB to decrease T6P (Schluepmann et al., 2003) . In the warm at low exogenous sugar levels otsB grow the same as wild type (Fig. 7a; Schluepmann et al., 2003) . After 24 h in the cold and subsequent transfer to the warm (Fig. 7b ) relative growth rate of wild type was strongly stimulated. In contrast otsB were unable to increase growth rate upon warming 
T6P responds to sucrose levels under all conditions
Large increases in T6P were induced in the experimental treatments (Fig. 1g ). There was a 55-fold range of T6P levels observed overall from 0.18 nmol g -1 FW at the start of the experiment in seedlings with no sugar, up to 9.9 nmol g -1 FW in cold-treated seedlings.
Tissue sucrose levels ranged from 1.5 µmol g -1 FW to 14.8 µmol g -1 FW, a 9.9-fold range.
The relationship between tissue sucrose and T6P was linear when tissue sucrose was varied through feeding and through transfer of seedlings to 10 o C or to low nitrogen (Fig. 2a) . This establishes that T6P responds to changes in sucrose produced by environmental treatments which limit growth and not just to sucrose fed externally or to sucrose produced as a result of increased irradiance or changes in day length (Lunn et al., 2006) , i.e. T6P responds to sucrose accumulation induced by sink limitation caused by low temperature and low nitrogen. The relationship between sucrose and T6P was linear once a tissue level of 3 µmol sucrose g -1 FW had been reached (Fig. 2a) , which may represent a threshold necessary to induce T6P synthesis. It could also represent a possible famine threshold level of sucrose above which 1 1 growth is induced. Whilst a strong relationship is seen between sucrose and T6P, other studies e.g. Martinez-Barajas et al. (2011) , in an analysis of wheat grain have shown a relationship with catabolites of sucrose and T6P including glucose. To test the specificity of the interrelationship between sucrose and T6P, feeding of 0.5% glucose was performed.
Glucose feeding did not increase T6P (Fig. 1g, 2b ) in comparison to feeding 0.5% sucrose.
Although the effects of these two sugars are difficult to separate in plants because of their interconversion, this experiment provides evidence that T6P responds specifically to sucrose.
This was confirmed in analysis of regression between sucrose, glucose, fructose and T6P from all the experiments (Fig. 2a-c) , which showed best relationships between sucrose and T6P. TPS1, the most likely candidate TPS involved directly in T6P synthesis, was induced in all treatments including glucose (Supplemental Fig. S3A ), even though glucose did not stimulate T6P synthesis. This could indicate that a sucrose-specific activation component is necessary for T6P synthesis. TPPA and TPPB were also induced. Further work would be required to determine the specific roles of TPS and TPP enzymes in the regulation of T6P levels in response to sucrose accumulation.
We then went on to determine the interrelationship between T6P and the transcript abundance of SnRK1 marker genes under the different conditions. T6P is known to promote growth and to promote transcription of genes associated with biosynthetic processes and growth (Baena-Gonzalez et al., 2007; Zhang et al., 2009; Debast et al., 2011) . Given that T6P
was related to sucrose levels under all treatments with different growth rates we wished to determine if transcript abundance of SnRK1 markers was related to T6P or to growth rate.
SnRK1 target gene expression changes in relation to T6P and not directly to growth rate
There was a strong correlation between T6P and SnRK1-regulated gene expression (Fig. 5 ), but not between T6P and relative growth rate (Fig. 6a) . This establishes quite clearly that SnRK1 marker gene expression is related closely to T6P content irrespective of the growth outcome. Changes in gene expression were elicited above and below a threshold level of T6P of 0.3-0.5 nmol g -1 FW (Fig. 5) . Assuming T6P is cytosolic and the cytosol accounts for 10% of tissue water, cytosolic concentrations of T6P will be in the region of tenfold higher than when expressed on a whole tissue basis. Strikingly, this would equate to 3-5 µM T6P close to the T6P/ SnRK1 dissociation constant calculated as 4 µM (Nunes et al., 2013) .
From what is known about the inhibition of SnRK1 by T6P this would enable high SnRK1 1 2 activity at 1.8 µM T6P (at the start of the experiment) and strong inhibition possibly by 80% or more at 99 µM T6P (Zhang et al., 2009) in the cold. In contrast, changes in in vitro SnRK1 activities measured without T6P in the assay were less than twofold throughout the experiment (Fig. 3a, c and d) . These measurements in vitro effectively show maximum catalytic potential or enzyme concentration and do not reflect regulation by T6P. In vivo a large dynamic range of T6P in response to environmentally induced changes in sucrose induced by sink limitation would provide a powerful means of regulation of SnRK1 in response to sucrose supply demonstrated in the readout of SnRK1 marker gene expression.
As the relationship between T6P and SnRK1 marker gene abundance held even when the growth rate was low i.e. under sink-limited conditions, we went on to test the physiological significance of the increase in T6P and gene expression under sink-limited conditions. What could be the adaptive advantage of activating gene expression in this way if growth was inhibited? We posed the hypothesis that the T6P/ SnRK1 signalling pathway primes growth to proceed once sink limitation is relieved. By priming, we mean being in a prepared state with an advanced capacity to activate growth following relief of a growth limitation such as upon relief of low temperature.
T6P primes gene expression for growth when sucrose availability is high
To test this idea, sink limitation was relieved whilst sucrose and T6P contents were high, by transferring seedlings grown in the cold for 24 h to the warm. Growth rate of these seedlings with elevated T6P was threefold higher in the first few hours upon return to the warm compared to controls that had been kept in the warm (Fig. 7a, b) . The experiment was also performed with seedlings where T6P levels were decreased through expression of otsB encoding an E.coli TPP. T6P was strongly decreased in otsB compared to wild type even though sugar contents of these seedlings were very high. When grown with low sugar content otsB grows at a similar growth rate to wild type (Schluepmann et al., 2003) . However, growth of these seedlings upon transfer to the warm was severely compromised (Fig. 7b) . This would indicate that T6P is necessary for rapid growth after the cold to warm transfer. To further confirm the role of T6P/ SnRK1, the experiment was also performed on seedlings overexpressing SnRK1 (KIN10, Baena-Gonzalez et al., 2007) . These seedlings too were unable to rapidly increase growth in response to the warm (Fig. 7e, f) . We conclude therefore that the T6P/ SnRK1 signalling pathway is necessary to potentiate rapid growth following relief from low temperature.
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Glucose results in moderate regulation of SnRK1-regulated genes
In spite of no induction of T6P accumulation by glucose feeding (Fig. 2b) there was a change in SnRK1 marker gene expression in response to glucose feeding which was more moderate than that induced by sucrose (Figs. 5 and 6 ). This suggests that either there were localised changes in T6P content in response to glucose or that other factors were regulating these genes either through SnRK1 or through other mechanisms. Both G6P and G1P increased during glucose feeding (Fig. S1a, b) . G6P and G1P inhibit SnRK1 of growth following relief from sink-limited conditions such as low temperature. A model is presented to summarise these findings (Fig. 8) .
MATERIALS AND METHODS
Plant material and growth conditions
Seeds of Arabidopsis (Arabidopsis thaliana ecotype Columbia-0) were weighed in batches of 2.5 mg and surface-sterilised for 10 min in a 10% sodium hypochlorite solution with triton x-100 and rinsed twice in sterile water. Each seed batch was grown in 50 ml halfstrength Murashige and Skoog medium (ApolloScientific PMM524) plus Gamborg's vitamins (Sigma G1019) and 0.5% sucrose (0.25 g/ 50 ml medium) in culture flasks (300 ml plastic vessels, Greiner). After cold treatment for 2 days in the dark at 4ºC they were transferred to the growth room for 7 days at 23ºC (16 h and 5 of each group were harvested 3, 6, 24, 48 and 72 h after medium change. Medium change was performed 4 h after the start of the light period. Hence harvests at 3 h and 6 h were 7 and 10 h into the photoperiod and harvests at 24 h, 48 h and 72 h were 4 h into the photoperiod. Harvests were done within two minutes under the growth light conditions.
Seedlings from each pot were rinsed in distilled water, gently blotted dry with tissue paper, weighed and snap-frozen in liquid nitrogen. Transgenic Arabidopsis expressing the TPP gene otsB in Col 0 background and overexpressing KIN10 were as described previously (Schluepmann et al., 2003; Baena-Gonzalez et al., 2007) . For the relative growth experiment (RGR), seedlings were grown with 0.5% sucrose for 7 days at 22ºC, after which medium was changed as previously stated, and either transferred to 10ºC for 24 h and then back to 22ºC or held at 22ºC throughout. Harvests were all performed at 22ºC as described above at time points -24 h, 0 h, 4 h, 11 h, 24 h and 48 h. The RGR was calculated using the method indicated by Hoffmann and Poorter (2002) .
Assay for SnRK1 activity
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Total soluble protein was extracted from 200 mg of tissue ground under liquid nitrogen in a pestle and mortar in 600 µL of ice-cold homogenization buffer of 100 mM Tricine-NaOH, pH 8, 25 mM NaF, 5 mM dithiothreitol, 2 mM tetrasodium pyrophosphate, 0.5 mM EDTA, 0.5 mM EGTA, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, 1 mM protease inhibitor cocktail (Sigma P9599), phosphatase inhibitors (PhosStop; Roche) and insoluble polyvinylpyrrolidone to 2% (w/v). Homogenate was centrifuged at 13,000g at 4ºC. Supernatant (250 µL) was desalted in illustra NAP-5 columns (GE Healthcare) preequilibrated with homogenization buffer. Eluant was supplemented with protease inhibitor cocktail and okadaic acid to 2.5 mM before freezing in liquid nitrogen. SnRK1 activity of three replicates for each time point was determined as described by Zhang et al. (2009) phosphocellulose paper immersed immediately in 1% phosphoric acid. These were then washed with four 800-ml volumes of 1% phosphoric acid, immersed in acetone for 15 min, air-dried and transferred to vials with 3.5 ml of scintillation cocktail (Ultima Gold).
Sugar and glucose 6-phosphate quantification
Sucrose, hexoses, starch, glucose 6-phosphate and glucose 1-phosphate were measured using spectrophotometric assays as in Pellny et al. (2004) .
T6P determinations
T6P was quantified in Arabidopsis seedling extracts using anion exchange HPLC coupled with electrospray ionisation mass spectrometry (Delatte et al., 2009) .
RNA extraction and qRT-PCR
Total RNA was extracted from 100 mg of snap-frozen ground tissue using RNeasy Plant Mini Kit (Qiagen). RNA was quantified by Nanodrop Spectrophotometer (ND-1000)
and its integrity evaluated by agarose gel electrophoresis. DNA was removed with RQ1
RNase-free DNase (Promega M610A). cDNA was synthesized by reverse transcribing 1 µg of RNA using SuperScript III First Strand Synthesis System for RT-PCRscriptase (Invitrogen). Gene expression was quantified using SYBR Green chemistry on a iQ TM RealTime PCR system (Bio-Rad) in 20 µL for each reaction, containing 10 µL of iQ TM SYBR Green Supermix (Bio-Rad), 3 µL of cDNA, and 0.5 µM primers. PCR used an initial denaturing stage of 95ºC for 3 min followed by 45 cycles of 95ºC for 10 s, followed by an annealing step at 60ºC for 10 s and an extension step at 72ºC for 10 s. The specificity of products was confirmed by performing a melting temperature analysis at temperatures ranging from 55°C to 95°C at intervals of 0.5°C. PCR was performed with two technical replicates repeated on three biological replicates. Data were normalized using a combination of 3 reference genes: yellow-leaf-specific protein 8 (At5g082290), ubiquitin-transferase family protein (At3g53090) and protein phosphatase 2A subunit (At1g13320) (Czechowski et al., 2005) . Intron-spanning primers (Table S1 ) were designed using the Primer Express software version 2.0 (Applied Biosystems).
Statistical analysis
The relationship between T6P and sugars and T6P and SnRK1 marker genes relative expression was tested using regression analysis. The analysis was performed using SigmaPlot 11.0 (Systat Software, San Jose, CA). Each regression is associated to the r 2 value, the standard error of estimates (SEE) and the P value that characterizes the model. T i me f r o m me d i u m c h a n g e F i g . 3 S n R K1 a c t i v i t y a n d i n h i b i t i o n b y T 6 P a n d t r a n s c r i p t a b u n d a n c e o f t h e c a t a l y t i c s u b u n i t s AKI N1 0 a n d AKI N1 1 d e t e r mi n e d b y q R T -P C R i n r e s p o n s e t o s u c r o s e a n d g l u c o s e f e e d i n g wi t h f u l l n u t r i t i o n a t 2 2 º C a n d a f t e r t r a n s f e r t o 1 0 º C o r z e r o n i t r o g e n . S n R K1 e x t r a c t s we r e u s e d t o d e t e r mi n e ( a ) , S n R K1 a c t i v i t y a n d ( b ) , i n h i b i t i o n o f S n R K1 a c t i v i t y b y 1 mM T 6 P . T r a n s c r i p t f o l d c h a n g e o f t h e c a t a l y t i c s u b u n i t s ( c ) , AKI N1 0 ( At 3 g 0 1 0 9 0 ) a n d ( d ) , AKI N1 1 ( At 3 g 2 9 1 6 0 ) r e l a t i v e t o t h e s t a r v a t i o n c o n d i t i o n a t 3 , 6 , 2 4 , 4 8 a n d 7 2 h a f t e r s t a r t o f t r e a t me n t . T h e d a t a a r e me a n s wi t h s t a n d a r d d e v i a t i o n s o f 3 i n d e p e n d e n t s a mp l e s . F i g . 4 T r a n s c r i p t a b u n d a n c e o f S n R K1 ma r k e r g e n e s d e t e r mi n e d b y q R T -P C R i n r e s p o n s e t o s u c r o s e a n d g l u c o s e f e e d i n g wi t h f u l l n u t r i t i o n a t 2 2 º C a n d a f t e r t r a n s f e r t o 1 0 º C o r z e r o n i t r o g e n r e l a t i v e t o t h e s t a r v at i o n c o n d i t i o n . T r a n s c r i p t f o l d c h a n g e o f ma r k e r g e n e s n o r ma l l y u p -r e g u l a t e d b y S n R K1 ( a ) , AS N1 ( At 3 g 4 7 3 4 0 ) ; ( b ) b GAL ( At 5 g 5 6 8 7 0 ) ; ( c ) AKI Nb ( At 5 g 2 1 1 7 0 ) ; ( At 5 g 2 1 1 7 0 ) ; ( d ) T P S 8 ( At 1 g 7 0 2 9 0 ) ; ( e ) T P S 1 0 ( At 1 g 6 0 1 4 0 ) a n d ma r k e r g e n e s n o r ma l l y d o wn -r e g u l at e d b y S n R K1 ( f ) , UDP GDH ( At 3 g 2 9 3 6 0 ) ; ( g ) MDH ( At 3 g 1 5 0 2 0 ) ; ( h ) T P S 5 ( At 4 g 1 7 7 7 0 ) ; ( i ) b Z I P 1 1 ( At 4 g 3 4 5 9 0 ) . T h e d a t a a r e me a n s wi t h s t a n d a r d d e v i at i o n s o f 3 i n d e p e n d e n t s a mp l e s . 
